Abstract OBJECTIVES: The aim of our prospective randomized study was to compare modified reverse aortoplasty (MRA) and extended end-toend anastomosis (EEA).
INTRODUCTION
Coarctation of the aorta occurs in 5-10% of patients with congenital heart disease and is frequently associated with aortic arch hypoplasia [1, 2] . The first surgical correction of coarctation was performed by Crafoord and Nylin [3] more than 70 years ago.
Operative results have improved significantly since that period. Late complications, such as recoarctation, arterial hypertension, cerebral aneurysms, aortic aneurysms and early ischaemic heart disease, significantly reduce excellent long-term results [4] . Some authors considered that the complication rate is directly associated with the repair method and type of anastomosis [5, 6] . The best technique would exclude the use of foreign materials to preserve the potential growth of the native aorta and reduce the late recoarctation rate [5] . Management of the hypoplastic aortic arch during coarctation repair is one of the main ways to achieve satisfactory results and can include extended end-to-end anastomosis (EEA), use of the left subclavian artery as a free flap or reverse aortoplasty by subclavian flap [1, 2, 7, 8] . Currently, no prospective studies proving the advantages of one method over another for coarctation repair in patients with distal aortic arch hypoplasia have been found in the literature. The aim of our prospective randomized study was to compare the modified reverse subclavian flap aortoplasty (MRA) and the EEA.
MATERIALS AND METHODS
We assessed the surgical results in 54 infants with coarctation of the aorta and distal aortic arch hypoplasia who underwent primary repair in our institute between July 2013 and February 2014. The study was a prospective, pilot, randomized trial with 2 arms. It was approved by the local ethics committee and conducted in compliance with the protocol and in accordance with standard operating procedures. All parents signed an informed consent form before participating in the study. The patients were randomly assigned to 2 arms: those having MRA (MRA group; n = 27) and those having EEA (EEA group; n = 27) (Fig. 1) . Eligible patients were included in one of the groups immediately before the procedure based on a sealed envelope randomization method.
Patients with coarctation of the aorta and distal aortic arch hypoplasia that could be repaired without cardiopulmonary bypass were included in the study.
The exclusion criteria included significant proximal aortic arch hypoplasia (z-score < _-2), univentricular haemodynamics, age during surgery older than 12 months, haemodynamically significant aortic valve disease, coarctation of the aorta with other congenital heart defects requiring repair under cardiopulmonary bypass, preoperative renal or adrenal disease and refusal by the patient's parent(s) or guardian(s) to participate in the study.
The primary end-point was freedom from residual arterial hypertension. Secondary end-points were freedom from reoperation due to recoarctation or anastomotic aneurysm, elastic properties of the aortic wall and aortic arch shape.
Clinical and demographic characteristics of the patients are listed in Table 1 . Age, gender, height, weight, body surface area and fibroelastosis density were equitable between the groups.
Diagnosis of arterial hypertension was established after blood pressure measurement by the cardiologist and confirmed by ambulatory blood pressure monitoring. Blood pressure measurement was performed on the right arm and the right leg using an automated oscillometric non-invasive monitor (MP90, Philips Medical systems, BG Eindhoven, Netherlands) with a paediatric cuff. Measurements were performed 3 times after a short rest, and the mean value of measurements was used for calculations. The diagnostic criteria for arterial hypertension were increases in the mean values of systolic and/or diastolic blood pressure above the 95th percentile [9] . Treatment of arterial hypertension during the follow-up period was based on 'The fourth report on the diagnosis, evaluation, and treatment of high blood pressure in children and adolescents' [9] . Lifestyle modifications were recommended for patients with latent arterial hypertension who had a pathological response during the physical examination. Patients with latent arterial hypertension who had an insufficient response to lifestyle modifications and patients with persistent arterial hypertension were prescribed antihypertensive medication. The goal for antihypertensive treatment was reduction of blood pressure to <95th percentile, unless concurrent conditions were present. We used angiotensin-converting enzyme inhibitors in all cases as a first-line therapy, and we added beta-blockers in 1 case of insufficient response.
All patients underwent routine transthoracic echocardiography (GE Vivid 7, GE Medical, Milwaukee, WI, USA). The diagnosis of coarctation of the aorta with distal aortic arch hypoplasia was established if the deviation of the isthmus and distal aortic arch z-score was less than or equal to -2 [10] . The left ventricular mass observed by transthoracic echocardiography was calculated using the recommendations of the American National High Blood Pressure Education Program: LV mass (g) = 0.8 Â [1.04 Â (IVSd + PWd + LVEDD) 3 -LVEDD] + 0.6, based on the formula of Devereux et al. [11] . The left ventricular mass index was calculated by dividing the left ventricular mass by the height to minimize the effects of age, gender, ethnicity and overweight status. The elastic properties of the aortic wall were assessed in M-mode on 2 levels: (i) the proximal ascending aorta 5 mm higher than the sinotubular junction and (ii) the descending aorta proximal to the celiac trunk. A marker was installed perpendicular to the line that crosses the central line of the aorta; the minimal and the maximal amounts of aortic wall movement were assessed. Aortic distensibility (D) and the aortic stiffness index (SI) were calculated using the following formulae:
where A s and A d are systolic and diastolic area in mm 2 and P s and P d are systolic and diastolic blood pressure in mmHg [12, 13] . Measurements of the elastic properties of the aorta were performed by 2 experienced echocardiography specialists.
Contrast computed tomography (CT) (320 Aquilion One Dynamic Volume CT; Toshiba Medical System, Tochigi-ken, Japan) was performed before and 12 months after the procedure to exclude recoarctation and aortic aneurysms. A diagnosis of aortic aneurysm was established if the diameter of the aneurysm was 1.5 times greater than the diameter of the descending aorta at the level of the diaphragm. Aortic arch remodelling (shape of the aortic arch) was evaluated by CT scan based on the method proposed by Ou et al. [14] . Aortic arch configurations were assessed in the left anterior oblique projection. Three geometric types of aortic arch shape were defined: gothic, crenel and romanesque. A gothic arch was characterized by an acute angulation between the ascending and the descending aortas with the horizontal part of the aorta being either shortened or absent. The crenel type was described by a rectangular form of the aortic arch with a normal length of the horizontal aorta. Romanesque arch geometry was assessed as a normal configuration with smooth, rounded contours.
Surgical technique
The patient was placed on his or her right side after catheterization of the right radial and right femoral arteries for invasive monitoring of the blood pressure. A posterolateral thoracotomy was performed in the third intercostal space. The descending thoracic aorta, the left subclavian artery for 3-4 cm and the aortic arch to the brachiocephalic trunk were dissected. The patent ductus arteriosus was ligated near the pulmonary section. A proximal aortic clamp was placed adjacent to the brachiocephalic trunk; a distal aortic clamp was applied on the descending aorta 2-3 cm below the coarctation area.
In the EEA group, the aortic isthmus was divided just above the ductus, and the ductal tissue was completely excised. A longitudinal incision was made in the posterior wall of the descending aorta. A stay stitch was placed to expose the arch lumen, and a generous incision was made in the arch concavity up to the base of the left carotid artery. Equal circumferences of the 2 aortic ends were achieved. The aortic lumen was washed with a heparinized solution. An EEA was started at the posterior rim with a 7/0 PDS reabsorbable suture (Ethicon PDS II; Ethicon, Somerville, NJ, USA).
In the MRA group, a proximal Satinsky clamp was placed between the right brachiocephalic trunk and the left common carotid artery, followed by occlusion 1 cm above the opening. A distal Satinsky clamp was placed on the aorta to maintain a ductus-dependent circulation within the lower portions of the body. An additional clamp was placed on the left subclavian artery as high as possible. The left subclavian artery was dissected under an occlusion clamp; the length of the left subclavian arterial segment should be at least 1.5 times the diameter of the subclavian artery for subsequent reimplantation of the left subclavian artery. Dissection of a proximal left subclavian artery stump was performed through the opening. The hypoplastic aortic arch segment up to the left common carotid artery opening along the exterior aortic arch curvature was used to create a flap for reverse plasty. Defects in the aortic arch were repaired using a left subclavian artery flap, which was sutured to the margins of the defect by a continuous blanket monofilament suture from the top of the flap in the left common carotid artery opening area, to control haemostasis. The second stage includes resection of the aortic coarctation and development of an extended anastomosis. A Satinsky clamp was placed between the right brachiocephalic trunk and the left common carotid artery. An additional Satinsky clamp was placed on the descending aorta below the coarctation and distally to the aortic coarctation segment to radically resect the coarctated segment with ductal tissues. In case of preductal coarctation, a ligature was placed around the open arterial duct. The coarctated segment was then excised with ductal tissues. To expand an anastomosis area, the surgeon dissects the aorta along the lower curvature at 2 to 3 mm before branches of a proximal Satinsky clamp. When necessary, the distal portion of the aorta was dissected along the exterior wall in preparation of an anastomosis. An end-to-end anastomosis was created via a continuous blanket suture with 6-0 to 7-0 suture material towards the area under the aortic arch (extended anastomosis). The final stage included reimplantation of the distal left subclavian artery into the lateral portion of the left common carotid artery with a 7-0 suture [15] .
The surgical repair was performed by 2 experienced surgeons.
Statistical analysis
Statistical analyses were performed using the software Stata 13 (StataCorp LP, College Station, TX, USA). The sample size calculation was based on a 46% expected difference in mean deposition for a statistical power of 95% and was conducted with Stata 13 software [16] . The calculated sample size was increased by 2 patients owing to the compensation effect of incomplete observations in the follow-up period. Quantitative variables are presented as medians (25th-75th percentiles) unless otherwise noted. Categorical variables are presented as numbers (%). The Mann-Whitney test was used to compare continuous data; the v 2 or the Fisher's exact test was used for between-group comparisons. The Fisher's exact test was used for cell counts less than 5. The primary end-point was derived with the one-sided Fisher's test, which was used during sample size calculation. Analysis of survival in relation to freedom from arterial hypertension and recoarctation was performed using the Kaplan-Meier method. The log-rank test was used to compare 2 survival curves. Univariable and multivariable logistic regression analyses were used to identify the predictor variables in relation to binary outcomes. The Cox test was used to assess the association between 1 or more continuous or categorical variables and the time of onset of the adverse event. A P-value <0.05 was accepted as a statistically significant difference.
RESULTS

Early results
No significant residual pressure gradient was found between the right radial and right femoral arteries in any patient without a significant between-group difference immediately after the surgical repair (Table 2) .
Each group had 1 patient (3.7%) who died (P > 0.99) of necrotizing enterocolitis. Both patients were critically ill neonates before the operation. One patient in the EEA group had postoperative stridor (we revealed vocal cord paralysis during bronchoscopy), possibly due to recurrent nerve injury. No difference in postoperative complications was found between the 2 groups (Table 3 ).
In the early postoperative period, the z-score of the proximal aortic arch was -0.75 (-1.24 to -0.45) and -0.82 (-1.26 to -0.58) in the EEA and MRA groups, respectively (P = 0.97). However, the z-scores of the distal aortic arch differed significantly between groups: 0.15 (-0.92 to 0.56) and 0.43 (0-1) in the EEA and MRA groups, respectively (P = 0.005).
Elastic properties of the aortic wall
The indices of rigidity of the proximal aorta were significantly higher for the EEA group at all follow-up visits, and the distensibility of the precoarctation area was significantly lower for the EEA group at the same follow-up examinations. No significant differences were found between the groups for the descending aorta at the early postoperative and follow-up visits (Table 4) .
Assessment of follow-up results
The follow-up period was 25 (21-30) months.
The most frequent late complication was residual arterial hypertension, which developed in 19.2% of patients, with significant between-group differences: 2 (7.7%) and 8 (30.8%) patients in the MRA and EEA groups, respectively (P = 0.03). Four (15.4%) patients in the EEA group with arterial hypertension required medication, whereas no such patients were found in the MRA group (P = 0.02). Latent arterial hypertension, revealed by 24-h monitoring, was found in 2 (7.7%) and 4 (15.4%) patients in the MRA and EEA groups, respectively (P = 0.21). Assessment of freedom from arterial hypertension was performed using the Kaplan-Meier method (Fig. 2) . According to the multivariate regression analysis, there were 2 significant risk factors for the development of persistent arterial hypertension: fibroelastosis and ascending aorta rigidity at 12 months (Table 5) .
Based on transthoracic echocardiographic scans after 12 months, the left ventricular mass index in the MRA group was 49.3 (44-59.5) g/m 2 vs 62.8 (52-73) g/m 2 in the EEA group (P = 0.006).
At 12 months, the z-score of the proximal aortic arch was -0.39 (-0.9 to 0) in the MRA group vs -0.31 (-0.8 to 0) in the EEA group (P = 0.7). The z-scores of the distal aortic arch also did not differ between the groups: 0.66 (-0.1 to 1.2) in the MRA group vs 0.39 (-0.1 to 0.9) in the EEA group (P = 0.2) (Supplementary Material, Table S1 ).
We assessed aortic arch remodelling using multiple detector CT at 23 (20-26) months after the operation. Gothic configuration of the aortic arch occurred in 4 (15.3%) patients who underwent the extended anastomosis technique, whereas no gothic arch was found in those who underwent MRA (P = 0.01). Nine (34.6%) patients after MRA and 8 (30.7%) patients after extended anastomosis technique had the crenel aortic arch shape (P = 0.7). The romanesque aortic arch shape occurred in 17 (65.4%) patients from the MRA group and in 14 (53.85%) patients after extended anastomosis (P = 0.2).
Late complications occurred in 15 (28.8%) patients. Carotid artery stenosis and occlusion of the subclavian artery developed in 1 patient with low weight (1.8 kg) (3.8%) who underwent MRA (P = 0.3). Carotid artery stenosis was resolved after balloon angioplasty. Subclavian artery recanalization was not performed, and the evaluation of the left upper limb function revealed no abnormalities in growth.
Aortic aneurysms developed in 2 (7.7%) patients in the MRA group 6 months postoperatively, diagnosed during transthoracic echocardiography and confirmed by CT scan; however, a significant difference could not be confirmed between the groups (P = 0.15). In both cases, the aneurysm was localized in the subclavian flap area (Fig. 3) .
During the last follow-up visit, recoarctation was observed in 1 (3.8%) and 2 patients (7.7%) in the EEA and MRA groups, respectively (P = 0.50). Cox regression analysis showed that the only risk factor for recoarctation was the low weight of the patient before the operation [odds ratio (95% confidence interval) 0.016 (0.001-0.51), P = 0.047]. Recoarctation was repaired with balloon angioplasty in all cases. There are statistically significant P-values highlighted with bold font. MRA: modified reverse subclavian flap angioplasty; EEA: extended end-to-end anastomosis. We did not observe significant differences in recorded systemic pressures between the right and left upper limbs during the follow-up visits in either group; nevertheless, there were significant inter-group differences among the MRA and EEA groups. Moreover, there were no upper limb differences in muscular development or disproportional lengths between the groups (Supplementary Material, Table S2 ). Only 1 (3.8%) patient in the MRA group had significant differences in left/right arm blood pressure and disproportional lengths (5 mm difference) due to left subclavian artery thrombosis.
DISCUSSION
Advances in intensive care and anaesthetic management in neonates and infants with coarctation of the aorta allow any method of surgical repair to be performed with minimal deaths [7, 17] . Nevertheless, the choice of the proper method for operative repair remains controversial, because one should consider not only death but also late complications, such as arterial hypertension, recoarctation and aortic aneurysms [2, 5] .
In our prospective randomized study, we compared 2 surgical techniques of coarctation of the aorta repair with distal aortic arch hypoplasia: the MRA and EEA.
The in-hospital mortality rate was 3.7% in each group, which was comparable to the results from other studies [2, 7, 16] . The main cause of death was necrotizing enterocolitis that developed in low-weight neonates at the 3rd day after MRA and at the 5th day after performing an extended anastomosis. Autopsies revealed total necrosis of the small and large bowels.
Residual arterial hypertension in the late follow-up period after 24-h monitoring was found in 19.2% of patients. The high rate of arterial hypertension (15-75%) was observed in many studies, including that of O'Sullivan et al. [5, 7, 18] who analysed the results of primary surgical repair in infants. We found that 11.5% of patients had latent arterial hypertension, which requires medication. Hager et al. [19] reported slightly different results (25% of resistant arterial hypertension and 10% of latent arterial hypertension), but their cohort of patients included both infants and adults. We believe that this fact can be attributed to the growth of the child, when latent hypertension may progress to a stable form. The remodelling of the aortic arch or a progressive decline in elastic properties of the aortic wall may also contribute to this progression [12] [13] [14] .
In our study, patients who underwent EEA had a higher rate of residual arterial hypertension development at 30.8% compared with 7.7% in patients with MRA. A high rate of arterial hypertension (28-42%) after extended anastomosis has been demonstrated in many studies, whereas no data were found regarding the rate of arterial hypertension development after MRA [7, 18] . The predictors of arterial hypertension in our study were rigidity of the precoarctation area and fibroelastosis.
Fibroelastosis is often associated with coarctation of the aorta and usually leads to dysfunction of the left ventricle [20] . Several studies showed the effect of left ventricular hypertrophy and dysfunction on the development of arterial hypertension [21, 22] . Perhaps these patients have concentric hypertrophy due to the high resistance of the left ventricle, which often correlates with arterial hypertension [23] .
Impairment of the elastic collagen basement in patients with coarctation of the aorta was first described in 1997, which was a breakthrough in the understanding of the pathogenesis of arterial hypertension [24] . Typically, these patients have morphological and functional impairments of the major arteries: diseases of smooth myocytes, collagen and elastin, which affect the distensibility and rigidity of the aortic wall [12, 13, 24] . Based on the results of some authors, this cohort of patients had high rigidity and low elasticity of the aorta since birth [12, 13] . Vogt et al. [13] suggested that these infants have a genetic defect that leads to the development of coarctation and to the impairment of the elastic properties of the aorta. The genetic theory is supported by the results of a morphologist who revealed a high content of collagen fibres and low content of elastin and smooth myocytes in neonates with coarctation of the aorta, unlike children without congenital abnormalities of the aorta [24] .
Whether the method of surgical repair of coarctation of the aorta affects the elastic properties of the aortic wall in the postoperative period remains unclear. Recent studies showed controversial results, which may be related to the type of repair. De Divitiis et al. [25] showed that the elastic properties of the arteries improve after early repair but with reduced reactivity. Similarly, Kuhn et al. [12] demonstrated that the elastic properties were restored after the operation by eliminating the mechanical obstruction and elastic properties that had developed during the 3 years before the operation.
In our study, patients had higher indexes of elasticity after the MRA than after the EEA. Reducing the elastic properties of the aorta in different follow-up periods was associated with postoperative remodelling of the aortic arch. When we performed CT studies at 12 months after the operation, we observed the gothic arch shape in 15% of patients who underwent extended anastomoses, whereas aortic arch configuration was unaltered in patients after reverse aortoplasty. Ou et al. [26] noted that patients with a gothic arch shape had worse indexes of elasticity of the aorta and thicker precoarctation walls than patients with romanesque arch configuration.
The rate of recoarctation in our study did not differ between the groups and was 7.7% in the extended anastomosis group versus 3.84% in the group with reverse aortoplasty. Cobanoglu et al. [27] believed that the reason for recoarctation is residual ductal tissue. McElhinney et al. [28] noted the influence of low body weight, age <2 weeks and unrepaired proximal arch hypoplasia on the development of recoarctation. In our study, the only risk factor for recoarctation was low body weight.
We noted 2 cases of aneurysms in the distal part of the aortic arch in patients with MRA. Such conditions had already been described in more than 7 cases, but the cause of the development of an aneurysm after subclavian flap aortoplasty remains unclear. Some authors suggest that the reason may be residual ductal tissue, whereas others suggest that the cause may be degenerative changes in the flap [29, 30] . We do not have substantiated data that allow us to confirm or refute these hypotheses. Based on the reoperated patients with aortic aneurysm after repair of aortic coarctation, the localization area was the subclavian flap in both cases. We also speculated that it could be correlated with the data obtained by other authors.
Limitations
Our prospective randomized study was conducted with patients from a single centre. One of the main limitations of our study was the small sample size, which resulted in a lack of power for some analyses. We recognize that the 24-month follow-up period is short. Studies should be conducted regarding the lateterm results at the 5-year follow-up visit.
CONCLUSION
Results of surgical repair of coarctation of the aorta using MRA and extended anastomosis were comparable in mortality rates and early postoperative complications.
Nevertheless, modified reverse aortoplasty with the left subclavian artery flap may be beneficial in reducing residual arterial hypertension at the mid-term follow-up visit.
